Abstract: Walking on rough terrains still remains a challenge that needs to be addressed for biped robots because the unevenness on the ground can easily disrupt the walking stability. This paper proposes a novel foot system with passively adjustable stiffness for biped robots which is adaptable to small-sized bumps on the ground. The robotic foot is developed by attaching eight pneumatic variable stiffness units to the sole separately and symmetrically. Each variable stiffness unit mainly consists of a pneumatic bladder and a mechanical reversing valve. When walking on rough ground, the pneumatic bladders in contact with bumps are compressed, and the corresponding reversing valves are triggered to expel out the air, enabling the pneumatic bladders to adapt to the bumps with low stiffness; while the other pneumatic bladders remain rigid and maintain stable contact with the ground, providing support to the biped robot. The performances of the proposed foot system, including the variable stiffness mechanism, the adaptability on the bumps of different heights, and the application on a biped robot prototype are demonstrated by various experiments.
Introduction
A two-legged mobile mechanism that can walk like a human is usually thought as the best suited locomotion method for robots aimed to coexist and collaborate with humans [1] . In the past few decades, bipedal robotic walking has been a hot area in the research of robotics [2] [3] [4] [5] . In order to realize stable walking, the majority of existing biped robots are equipped with rigid flat feet and controlled by a trajectory tracking control method based on the zero moment point (ZMP) theory [6] [7] [8] [9] . The ZMP theory requires that the location on the ground about which the sum of all the moments of the active forces acting on the robot equals zero is strictly within the support polygon of the foot sole [10] . Therefore, the foot that supports the body weight during walking is always kept flat on the ground to obtain the largest support polygon, especially in the single support phase where there is only one foot in contact with the ground [11, 12] . The instantaneous speed of the foot touching the ground is desired to approximate to zero to reduce foot-ground impact. Although effective for walking on flat and structured terrains, this method will cause some problems if the ground is uneven. When a biped robot walks on rough terrain, just a small bump under the sole can significantly reduce the contact area and easily disrupt the walking stability, causing the robot to fall [13] . In addition, if the bump is unforeseen for the control system of the biped robot, the sudden impact with the bump may cause severe shock and vibration to the mechanical system. So several crucial issues involved in walking on rough terrains, such as adaptability on the unevenness, stable foot-ground contact, and shock absorbance still need further investigations.
To handle with the above challenges, some researchers focus on the studies of more advanced walking controllers for biped robots. Wei et al. proposed a landing phase control method based on the non-planar contact model of the flexible foot with the environment, and made the biped robot adaptable to the changes of the ground [14] . To achieve dynamic stable walking on rough ground, Nishiwaki et al. designed a high-frequency pattern generator which considered the current actual motion of the robot as the initial conditions of each generation [15] . In [16] , a graph-based footstep planning approach was proposed to generate the whole step sequences in rough terrain scenarios using a black box walking controller. In [17] , the preplanned trajectories were modified online to guarantee a smooth landing after the detection of the foot touching the uneven ground. However, the above controllers depended on some sensors, such as inertial measurement units, contact switches, or laser scanners, to obtain the robot motion state and terrain profile information. The sensor signals must be collected and processed correctly and reliably in real-time, and accurate models of robot kinematics, dynamics, foot-ground contact, and terrain shapes were usually required by the online walking pattern generation and modification. Additionally, as the integrations of on-board sensing, pattern generation, and walking control, the controllers had to perform very large computations at a very high speed [18] . These issues cause many difficulties in the implementations of the controllers.
On the other hand, considering that the foot is the only part of the whole biped robot that interacts directly with the environment, it is a feasible approach to improve walking performance on rough terrain through novel foot mechanisms. Some robotic foot systems were designed by adding toe joints and elastic elements to the simple rigid flat foot [19] [20] [21] [22] [23] . Segmented to the heel part and toe part, human-like heel contact and toe contact were realized in bipedal robotic walking [20] . These feet were able to dissipate energy from the heel strike with the elasticity of the heel [21, 22] , and to provide more traction using the toe pad at the push-off phase [23] , but they could not adapt to rough terrain. Based on the concept of maintaining multi-point contact on uneven ground, a foot capable of providing stable contact on convex and concave surfaces was developed. The foot sole was equipped with four rigid spikes and corresponding locking mechanisms, each of which had an optical sensors to detect the ground height. According to the sensor values, the foot landing pattern was modified to guarantee a support polygon on uneven terrain with three or four spikes [24] . In [25] , a flexible foot with 12 degrees of freedom was designed. Connected by four independently-actuated parts, the foot sole could maintain multi-point contact on complicated terrains. However, the adaptation was also actively controlled, which increased the complexity of the control system. In [26] , Piazza et al. developed a completely passive foot by mimicking the longitudinal arch of human foot. The foot was able to vary its shape to comply with uneven terrains as a function of the exerted forces. However, its adaptation capabilities in the coronal plane and push-off movement were limited.
If we observe the human foot closely, we will find that when walking on the ground with trivial obstacles, the human foot sole can adapt to the irregularities passively without adjusting walking patterns or any active control. This is partly due to the intrinsic adaptivity of the soft tissues, such as the plantar fascia underneath the foot sole, which can soften and stiffen accordingly under different contact conditions. In this paper, we aim to design a new stiffness adjustable foot system for biped robots which is adaptable to small-sized bumps and obstacles on the ground on the basis of the inspirations from the human foot. Specifically, the foot can exert high stiffness to provide sufficient support and propulsion to the robot body during walking, and can also exert low stiffness to adapt to the bumps on the ground.
The rest of this paper is organized as follows: Section 2 introduces the working mechanism of the stiffness-adjustable foot system. Section 3 presents the design of the major components of the foot system in detail. Some preliminary experiments are performed to validate the functions of the foot system, and the results are shown in Section 4. Finally, some discussions and conclusions are given in Section 5.
Working Mechanism of the Stiffness-Adjustable Foot System

Overview of the Stiffness-Adjustable Foot System
The central idea of the new foot system is the variable stiffness. This is achieved by attaching some pneumatic variable stiffness units (PVSUs) on the foot sole separately, as shown in Figure 1 . Each PVSU mainly consists of a cylindrical pneumatic bladder and a stiffness-adjusting mechanism. In the default state, for example, when the foot is off the ground, the pneumatic bladders are set to high stiffness, being inflated with some compressed air. When the biped robot walks on rough ground with small-sized bumps and obstacles, the stiffness values of the pneumatic bladders may change accordingly with their contact conditions with the ground. Since there are some spaces among the PVSUs, if the bumps happen to be located in the spaces, all pneumatic bladders are just compressed slightly and still remain rigid. If some PVSUs come into contact with the bumps, the corresponding stiffness adjusting mechanisms are triggered to expel the air, making the pneumatic bladders soft, so that more deformation can be generated to comply with the shape of the bumps; meanwhile, the other pneumatic bladders which are in contact with the flat surface remain rigid. It should be noted that in order to reduce the control difficulty, the adjustment from high stiffness to low stiffness is purely passive, depending on the interactions between the pneumatic bladders and the bumps. Figure 2 shows the comparisons between a conventional rigid flat foot and the new foot when there are bumps and obstacles of various sizes and shapes on the ground (the sole of the new foot is set as transparent for clarity). For the flat foot, the posture around the three coordinate axes is greatly changed, which has to be compensated by the movement of at least three joints of other body parts to maintain multi-point contact. However, the new foot has the ability to adapt to the bumps and maintain sufficient contact area by means of its own adaptability. 
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Theoretical Analysis of the Variable Stiffness Mechanism
The PVSU is the most crucial component of the whole foot system because the function of the foot depends on the interactions of each PVSU with the environment. This section introduces the variable stiffness mechanism of a single PVSU. Variable stiffness mechanisms have been more and more widely utilized in vibration isolation devices [27] , humanoid robots [28] , and rehabilitation devices [29] . Most recent work of variable stiffness mechanisms rely on two techniques. One is to alter the structural or mechanical geometry of an elastic mechanism [30] , and the other is to change the elastic modulus of a structure by thermal or electromagnetic stimulation [31] . In this paper, the 
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The first phase starts when the pneumatic bladder touches the bump and ends when the piston arrives at its working position. During this phase, the restoring spring, supporting spring, and the inflated pneumatic bladder are compressed simultaneously. Similar to pneumatic artificial muscles, the stiffness of the pneumatic bladder is dependent upon two factors: one is the inherent stiffness of the bladder in the natural state without inflation, which is determined by its material properties and mechanical structure, and the other is the stiffness that relates to the air pressure inside the bladder [36] . Stiffness of a body can be defined as the infinitesimal force variation with regards to resulting compliant displacement [37] . If we assume F be the external force acted on the pneumatic bladder, and x is the corresponding amount of compression, then the system stiffness of the PVSU in the first phase can be described as:
where k 1 , k 2 , and k 3 indicate the stiffness values of the restoring spring, the supporting spring, and the bladder, respectively, A represents the effective circumferential cross-sectional area of the pneumatic bladder, and p represents the air pressure inside the bladder. When the reversing valve is triggered, the air inside the pneumatic bladder is expelled quickly. Then the compression process enters the second phase and lasts until the piston moves to its limit position. The restoring spring, supporting spring, and pneumatic bladder are all compressed, but the pressure inside the pneumatic bladder is changed to ambient pressure which is represented by p a . The system stiffness is expressed by:
The third phase starts as soon as the piston reaches its limit and the restoring spring cannot be compressed anymore. As the external force continues to increase, only the supporting spring and pneumatic bladder undergo further compression. The system stiffness of this phase is given by:
It should be noted that this section is focused on the introduction of the variable stiffness mechanism in principle, rather than the investigation of the accurate analytical model of the PVSU. Thus, only simple stiffness expressions are provided above. The variable stiffness of the PVSU in the entire compression process is illustrated in Figure 4 . The first phase which has the largest stiffness is also termed as the high stiffness phase, and the second and third phases are termed as low stiffness phases. In this figure, h ch and h max represent the trigger displacement and the maximum displacement of the valve piston, respectively. compliant displacement [37] . If we assume F be the external force acted on the pneumatic bladder, and x is the corresponding amount of compression, then the system stiffness of the PVSU in the first phase can be described as:
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Development of the Stiffness Adjustable Foot System
The stiffness-adjustable foot system is designed step by step, i.e., from the pneumatic bladder to the PVSU, then to the whole foot. This section presents the development of the foot system in detail. 
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The stiffness-adjustable foot system is designed step by step, i.e., from the pneumatic bladder to the PVSU, then to the whole foot. This section presents the development of the foot system in detail.
Design of the Pneumatic Bladder
The main structure parameters of the saw-toothed pneumatic bladder include material, diameter, total height, wall thickness, and the angle of the sawtooth. The following points must be taken into account to obtain an appropriate structure: (1) the pneumatic bladder should be stiff enough to hold its shape; (2) the axial deformation after inflation should be homogeneous, while circumferential deformation should be as small as possible; (3) the stiffness of the pneumatic bladder should have good linearity; and (4) the structure of the molds should be considered at the same time.
Finite element analysis is carried out in ANSYS (ANSYS Inc., Canonsburg, PA, USA) for parameter optimization. Applying a pressure load on the virtual model of the pneumatic bladder, deformations under various parameter configurations can be obtained. After trial and error, some key parameters are determined, as shown in Figure 5 . The material type is silica gel, the diameter is 30 mm, the total height is 20 mm, and the angle of the sawtooth is 70 • . Finite element analysis is carried out in ANSYS (ANSYS Inc., Canonsburg, PA, USA) for parameter optimization. Applying a pressure load on the virtual model of the pneumatic bladder, deformations under various parameter configurations can be obtained. After trial and error, some key parameters are determined, as shown in Figure 5 . The material type is silica gel, the diameter is 30 mm, the total height is 20 mm, and the angle of the sawtooth is 70°.
Furthermore, the hardness of silica gel and the wall thickness, which greatly affect the stiffness of the pneumatic bladder, still need to be determined. The possible values of hardness and wall thickness under consideration are Shore 35A, Shore 40A, 2 mm, and 2.5 mm. The stiffness of the pneumatic bladder under different combinations of hardness and wall thickness is simulated in ANSYS. The simulation results illustrated in Figure 6 show that the stiffness increases with larger hardness and/or wall thickness. In addition, once the hardness and wall thickness are determined, the stiffness is approximately a constant value. On this basis, because the pneumatic bladder is desired to have enough stiffness, Shore 40A and 2.5 mm are selected as the material hardness and wall thickness. The theoretical maximum compression of the pneumatic bladder is 8 mm. 
Design of the PVSU
In the design of the PVSU, there exist the following major structure parameters: the trigger displacement of the piston, the maximum displacement of the piston, and the stiffness of the restoring spring and the supporting spring. The trigger displacement of the piston has important effects on the support ability of the foot, i.e., a higher value means larger external force demanded to trigger the reversing valve, and lower adaptability on rough terrains. In this paper, it is chosen as 2 mm. The maximum displacement of the piston which mainly determines the restoring speed of the piston is set as 4 mm.
Then, the remaining two structural parameters need to be optimized. As before, the finite element analysis method is utilized. The inside pressure load and external force load are applied on the pneumatic bladder which is modelled in ANSYS. Adjusting the stiffness of the restoring spring and the supporting spring, the corresponding displacement of the piston is simulated. According to the analysis, the stiffness values of restoring spring and supporting spring are selected as 0.098 N/mm and 0.975 N/mm, respectively.
After the key parameters are confirmed, the structure of the reversing valve is designed. The overall dimension of the valve is 25 mm × 25 mm × 22 mm. The diameter and height of the piston are both 10 mm. The material of the valve body is 2024 aluminum alloy, and the material of the piston is 304 stainless steel. In addition to the three necessary working ports, an auxiliary port is added inside the valve for quick exhaust. Figure 7a ,b show the sectional view and the prototype of the PVSU. In Furthermore, the hardness of silica gel and the wall thickness, which greatly affect the stiffness of the pneumatic bladder, still need to be determined. The possible values of hardness and wall thickness under consideration are Shore 35A, Shore 40A, 2 mm, and 2.5 mm. The stiffness of the pneumatic bladder under different combinations of hardness and wall thickness is simulated in ANSYS. The simulation results illustrated in Figure 6 show that the stiffness increases with larger hardness and/or wall thickness. In addition, once the hardness and wall thickness are determined, the stiffness is approximately a constant value. On this basis, because the pneumatic bladder is desired to have enough stiffness, Shore 40A and 2.5 mm are selected as the material hardness and wall thickness. The theoretical maximum compression of the pneumatic bladder is 8 mm. Finite element analysis is carried out in ANSYS (ANSYS Inc., Canonsburg, PA, USA) for parameter optimization. Applying a pressure load on the virtual model of the pneumatic bladder, deformations under various parameter configurations can be obtained. After trial and error, some key parameters are determined, as shown in Figure 5 . The material type is silica gel, the diameter is 30 mm, the total height is 20 mm, and the angle of the sawtooth is 70°.
In the design of the PVSU, there exist the following major structure parameters: the trigger displacement of the piston, the maximum displacement of the piston, and the stiffness of the restoring spring and the supporting spring. The trigger displacement of the piston has important effects on the support ability of the foot, i.e., a higher value means larger external force demanded to trigger the reversing valve, and lower adaptability on rough terrains. In this paper, it is chosen as 2 mm. The maximum displacement of the piston which mainly determines the restoring speed of the piston is set as 4 mm. 
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Design of the Foot System
As introduced previously, the foot is designed basically by attaching some PVSUs to the sole. The configuration of these PVSUs on the foot should meet the following requirements, i.e., the foot should have as high adaptability to rough terrain as possible and, at the same time, have the ability to offer stable support to the body weight. The prototype of the foot system is illustrated in Figure 8 . In total, there are eight PVSUs symmetrically equipped on the four corners of the foot sole. Each PVSU is fixed on the foot frame through a holder. Between these PVSUs and holders are forcesensitive resistors (FSRs) which are utilized to measure the pressure distribution under the sole. Redundant materials of the frame are cut off to keep weight down, making the total weight as low as about 200 g. Through the flange located on the middle part, the foot system can be conveniently equipped on a biped robot. 
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Experiment on the PVSU
The purpose of this experiment is to verify the variable stiffness mechanism of the PVSU by testing its static stiffness. As mentioned previously, stiffness can be defined as the ratio of steady force acting on a deformable elastic medium to the resulting displacement. Thus, the relation between the forces and resulting displacements when constant pressure is applied to the PVSU is examined in the stiffness identification experiment. Figure 9 presents the schematic diagram of the experimental apparatus. The PVSU is placed on a frame, and its upper end is connected with a slider which can only move along the linear guide in the vertical direction. Below the whole PVSU hangs a weight which causes the PVSU to be compressed. A proportional valve (SMC Corp., Tokyo, Japan) is adopted to regulate the air pressure supplied into the pneumatic bladder. The compression of the PVSU is measured by a linear displacement potentiometer (Novotechnik Messwertaufnehmer OHG, Ostfildern, Germany) installed in parallel with the linear guide, and collected and recorded by data acquisition devices (Advantech Co., Ltd., Taipei, Taiwan) on the computer for further analysis. 
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The purpose of this experiment is to verify the variable stiffness mechanism of the PVSU by testing its static stiffness. As mentioned previously, stiffness can be defined as the ratio of steady force acting on a deformable elastic medium to the resulting displacement. Thus, the relation between the forces and resulting displacements when constant pressure is applied to the PVSU is examined in the stiffness identification experiment. Figure 9 presents the schematic diagram of the experimental apparatus. The PVSU is placed on a frame, and its upper end is connected with a slider which can only move along the linear guide in the vertical direction. Below the whole PVSU hangs a weight which causes the PVSU to be compressed. A proportional valve (SMC Corp., Tokyo, Japan) is adopted to regulate the air pressure supplied into the pneumatic bladder. The compression of the PVSU is measured by a linear displacement potentiometer (Novotechnik Messwertaufnehmer OHG, Ostfildern, Germany) installed in parallel with the linear guide, and collected and recorded by data acquisition devices (Advantech Co., Ltd., Taipei, Taiwan) on the computer for further analysis. At the start of the experiment, the gauge pressure of the proportional valve was set to zero. Then different weights ranging from 0 to 1.8 kg were applied to the PVSU at a constant increment of 0.1 kg. The weight was changed after the compression of the PVSU stabilized. Corresponding compressions during the process were measured. After that, the above process was repeated in different cases where the gauge pressure was 10 KPa, 20 KPa, 30 KPa, 40 KPa, and 50 KPa, respectively.
After experiments, the relationship between the external loads and the compressions is plotted in Figure 10 . From this figure, several findings can be obtained. Firstly, in the point of the response of the PVSU under a certain gauge pressure, it is evident that each curve can be approximately regarded as three segments of straight lines, which signifies that three phases were indeed presented within the entire compression. Secondly, since the slope of the line indicates the system stiffness, the three-segmented curve means that the PVSU exerted different stiffness values during the three phases. Moreover, the stiffness of the second segment is lower than the first one, and the stiffness of the third segment is higher than the second one. This trend coincides exactly with the theoretical analysis in Section 2. Thirdly, the horizontal ordinate of the turning point of each curve is exactly the trigger displacement of the piston. Under different gauge pressures, the trigger displacement of the piston ranges from 2 mm to 3 mm, which is very close to the design value. Synthesizing the above three points, the proposed variable stiffness mechanism, as well as its mechanical structure, can be proved to be feasible. In addition, comparing all the measured curves under different gauge pressures, it shows that as the gauge pressure goes up, the piece-wise linearity of the stiffness becomes more obvious, and both the stiffness value in the high stiffness phase and the amount of compression in the low stiffness phase increase. Higher stiffness in the high stiffness phase means more stable support can be At the start of the experiment, the gauge pressure of the proportional valve was set to zero. Then different weights ranging from 0 to 1.8 kg were applied to the PVSU at a constant increment of 0.1 kg. The weight was changed after the compression of the PVSU stabilized. Corresponding compressions during the process were measured. After that, the above process was repeated in different cases where the gauge pressure was 10 KPa, 20 KPa, 30 KPa, 40 KPa, and 50 KPa, respectively.
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three points, the proposed variable stiffness mechanism, as well as its mechanical structure, can be proved to be feasible. In addition, comparing all the measured curves under different gauge pressures, it shows that as the gauge pressure goes up, the piece-wise linearity of the stiffness becomes more obvious, and both the stiffness value in the high stiffness phase and the amount of compression in the low stiffness phase increase. Higher stiffness in the high stiffness phase means more stable support can be provided to the robot body when the foot is in contact with the ground, while a larger compression range in the low stiffness phase means larger unevenness that the pneumatic bladder is able to adapt to, which are exactly what we want. On this basis, taking the stiffness, adaptability, and pressure endurance into consideration together, 50 KPa is adopted as the ideal working pressure of the PVSU. In addition, comparing all the measured curves under different gauge pressures, it shows that as the gauge pressure goes up, the piece-wise linearity of the stiffness becomes more obvious, and both the stiffness value in the high stiffness phase and the amount of compression in the low stiffness phase increase. Higher stiffness in the high stiffness phase means more stable support can be provided to the robot body when the foot is in contact with the ground, while a larger compression range in the low stiffness phase means larger unevenness that the pneumatic bladder is able to adapt to, which are exactly what we want. On this basis, taking the stiffness, adaptability, and pressure endurance into consideration together, 50 KPa is adopted as the ideal working pressure of the PVSU.
Experiment on the Foot System
The most important function of the proposed foot system is to adapt to small-sized bumps on the ground with the help of the PVSUs and, thus, to reduce the change in the posture of the sole and maintain stable foot-ground contact. Several requirements must be met to guarantee the performance of the foot system, specifically, (1) the reversing valves of the PVSUs in contact with the bumps should be triggered reliably; (2) wrong trigger of the reversing valves of the PVSUs in contact with the flat ground should be avoided; and (3) the foot should be able to adapt to bumps of various sizes within a certain range. Therefore, the following experiment is designed to test the function of the foot from the above aspects. First of all, the foot system is placed on a flat surface with all PVSUs inflated with compressed air of 50 KPa, and a 6 kg mass block which is used to imitate the body weight of biped robots is mounted on the top of the foot through a 230 mm long link, as shown in Figure 11a . Then, some small bumps of various sizes are placed under the pneumatic bladder to see if the foot can adapt to them. The adaptability can be evaluated from the posture changes under different experimental conditions. However, the foot posture cannot be directly measured by the FSRs, the only sensors that the foot has. Instead, the projective position of the center of mass (CoM) on the ground is used because they are related with the foot posture and can be calculated from the measurements of FSRs. According to the trigger displacement of the reversing valve and the maximum compression of the pneumatic bladder, the heights of the bumps used in the experiment were selected as 3 mm, 5 mm, and 8 mm. Considering that the foot is symmetric about its center, the bumps were only placed under the two pneumatic bladders on one corner, as illustrated in Figure 11b -d. The experiment showed that under each experimental condition, the reversing valve of the PVSU on the bump was successfully triggered to expel out the air, and the pneumatic bladder became soft and generated more compression under the gravity of the mass block. At the same time, the other pneumatic bladders remained in contact with the flat surface with high stiffness. The foot posture was only slightly changed, enabling the mass block to remain stable without falling down. This result was quite consistent with the theoretical working mechanism of the foot system presented in Section 2. Assuming that the origin of the coordinate system is located at the center of the foot sole, the X axis points to the front, and the Y axis points to the right. Then the stable values of CoM projections under all conditions can be plotted in the same coordinate system, as shown in Figure 12a . From this figure, it can be easily seen that higher bump resulted in larger changes of CoM projections and foot posture. The changes of the CoM projections were within 11.5 mm, and the maximum angle of inclination of the foot sole was measured to be as small as 2.9°. Figure 12b presents the changing curves of the CoM positions in the X and Y axis versus time when the posture change is maximum. In this figure, the CoM position rapidly approached the stable point within 0.1 s, and finally stabilized at the point (11.0, −8.0) after a small-amplitude vibration. Thus, the response time of the pneumatic bladder when it was compressed can be obtained, i.e., less than 0.1 s. The quite short response time indicates that the foot is able to adapt to the bumps on the ground rapidly, and suggests that if the foot is applied to a According to the trigger displacement of the reversing valve and the maximum compression of the pneumatic bladder, the heights of the bumps used in the experiment were selected as 3 mm, 5 mm, and 8 mm. Considering that the foot is symmetric about its center, the bumps were only placed under the two pneumatic bladders on one corner, as illustrated in Figure 11b -d. The experiment showed that under each experimental condition, the reversing valve of the PVSU on the bump was successfully triggered to expel out the air, and the pneumatic bladder became soft and generated more compression under the gravity of the mass block. At the same time, the other pneumatic bladders remained in contact with the flat surface with high stiffness. The foot posture was only slightly changed, enabling the mass block to remain stable without falling down. This result was quite consistent with the theoretical working mechanism of the foot system presented in Section 2. Assuming that the origin of the coordinate system is located at the center of the foot sole, the X axis points to the front, and the Y axis points to the right. Then the stable values of CoM projections under all conditions can be plotted in the same coordinate system, as shown in Figure 12a . From this figure, it can be easily seen that higher bump resulted in larger changes of CoM projections and foot posture. The changes of the CoM projections were within 11.5 mm, and the maximum angle of inclination of the foot sole was measured to be as small as 2.9 • . Figure 12b presents the changing curves of the CoM positions in the X and Y axis versus time when the posture change is maximum. In this figure, the CoM position rapidly approached the stable point within 0.1 s, and finally stabilized at the point (11.0, −8.0) after a small-amplitude vibration. Thus, the response time of the pneumatic bladder when it was compressed can be obtained, i.e., less than 0.1 s. The quite short response time indicates that the foot is able to adapt to the bumps on the ground rapidly, and suggests that if the foot is applied to a biped robot, the foot-ground contact time is negligible compared with the gait cycle. All the above results verified the function of the foot system. 
Experiment on a Biped Robot
This experiment aims to test the performance of the new foot system on a physical biped robot when the biped robot walks on the ground with small bumps. A lightweight biped robot developed by our research team is utilized in the experiment [38] . The biped robot has two three-segmented legs composed of the thigh, shank, and foot. Each leg has three planar revolute joints, namely, the hip, 
This experiment aims to test the performance of the new foot system on a physical biped robot when the biped robot walks on the ground with small bumps. A lightweight biped robot developed by our research team is utilized in the experiment [38] . The biped robot has two three-segmented legs composed of the thigh, shank, and foot. Each leg has three planar revolute joints, namely, the hip, knee, and ankle joints. The lengths of each link from the thigh to the foot are 0.37 m, 0.36 m and 0.2 m, respectively. Their corresponding masses are 1.8 kg, 1.5 kg and 0.2 kg. The right and left legs are connected by the torso whose mass is 3 kg. The movement of the biped robot in the coronal plane is constrained by a frame presented in Figure 13 , without affecting the motion in the sagittal plane [39] . For the sake of comparison, the experiment is performed with two conditions, i.e., (1) the biped robot walks with traditional flat feet; and (2) the biped robot walks with the new feet. The two kinds of feet have the same size, weight, as well as configuration of FSRs. On the ground are some small bumps promiscuously placed, of which the maximum height is 8 mm. The preplanned step length is 0.25 m, and the gait cycle is 1 s. The walking patterns are generated based on the ZMP theory. Under each condition, the biped robot is controlled to walk for ten trials and 5 m each trial. The performances of the two kinds of feet, including the behavior of the foot when contacting with the bumps and the overall walking stability, are compared. 
This experiment aims to test the performance of the new foot system on a physical biped robot when the biped robot walks on the ground with small bumps. A lightweight biped robot developed by our research team is utilized in the experiment [38] . The biped robot has two three-segmented legs composed of the thigh, shank, and foot. Each leg has three planar revolute joints, namely, the hip, knee, and ankle joints. The lengths of each link from the thigh to the foot are 0.37 m, 0.36 m, and 0.2 m, respectively. Their corresponding masses are 1.8 kg, 1.5 kg, and 0.2 kg. The right and left legs are connected by the torso whose mass is 3 kg. The movement of the biped robot in the coronal plane is constrained by a frame presented in Figure 13 , without affecting the motion in the sagittal plane [39] . For the sake of comparison, the experiment is performed with two conditions, i.e., (1) the biped robot walks with traditional flat feet; and (2) the biped robot walks with the new feet. The two kinds of feet have the same size, weight, as well as configuration of FSRs. On the ground are some small bumps promiscuously placed, of which the maximum height is 8 mm. The preplanned step length is 0.25 m, and the gait cycle is 1 s. The walking patterns are generated based on the ZMP theory. Under each condition, the biped robot is controlled to walk for ten trials and 5 m each trial. The performances of the two kinds of feet, including the behavior of the foot when contacting with the bumps and the overall walking stability, are compared. In the case of walking with the flat feet, the contact area significantly decreased because the foot could not adapt to the bumps. Here we analyze a typical process of the foot contacting with the bumps, which was presented in Figure 14 . In this figure, the images in the red panes are partiallyenlarged images. During the whole phase from the foot touching the ground to the foot lifting off the ground, three contact states between the foot, ground, and bumps were shown. Firstly, after the foot In the case of walking with the flat feet, the contact area significantly decreased because the foot could not adapt to the bumps. Here we analyze a typical process of the foot contacting with the bumps, which was presented in Figure 14 . In this figure, the images in the red panes are partially-enlarged images. During the whole phase from the foot touching the ground to the foot lifting off the ground, three contact states between the foot, ground, and bumps were shown. Firstly, after the foot stepped on the bump, only the trailing edge of the foot, rather than the whole sole, was in contact with the ground (see the upper images in Figure 14) . The support polygon was a triangle encircled by the foot's trailing edge and the contact point between the foot and bump. Secondly, as the robot walked forward, the body weight was shifted to this foot which became the new support foot. The forward movement of the CoM of the robot body caused the trailing edge of the foot off the ground. Thus, the whole robot was only supported by the bump (shown in the middle images in Figure 14) . Thirdly, the robot continued swinging forward, and the leading edge of the foot touched the ground. The support polygon turned into a triangle encircled by the leading edge of the foot and the contact point between the foot and bump (see the lower images in Figure 14) . These three contact states could not provide sufficient and stable support to the biped robot. Consequently, the slippage of the foot on the ground occurred frequently, and the predetermined posture of the robot was easily affected, sometimes causing the robot to fall.
Thirdly, the robot continued swinging forward, and the leading edge of the foot touched the ground. The support polygon turned into a triangle encircled by the leading edge of the foot and the contact point between the foot and bump (see the lower images in Figure 14) . These three contact states could not provide sufficient and stable support to the biped robot. Consequently, the slippage of the foot on the ground occurred frequently, and the predetermined posture of the robot was easily affected, sometimes causing the robot to fall. On the other hand, the performance was much better in the case of walking with the new feet. The behavior of the new feet contacting with the bumps on the ground is presented in Figure 15 . When the pneumatic bladders under the foot sole touched the bumps, the corresponding reversing valves were triggered successfully, and the pneumatic bladders became soft and were compressed to follow the shape of the bumps. For the pneumatic bladders which had no contact with the bumps, there were no wrong triggers occurred, and they kept high stiffness and maintained stable contact with the ground. Additionally, the bumps situated in the spaces among the pneumatic bladders did not have any effect on the foot posture. The support polygon was encircled by all the contact areas between the pneumatic bladders and the ground, which was larger than that of the flat feet. The foot slippage was avoided and stable support was provided to the biped robot. On the other hand, the performance was much better in the case of walking with the new feet. The behavior of the new feet contacting with the bumps on the ground is presented in Figure 15 . When the pneumatic bladders under the foot sole touched the bumps, the corresponding reversing valves were triggered successfully, and the pneumatic bladders became soft and were compressed to follow the shape of the bumps. For the pneumatic bladders which had no contact with the bumps, there were no wrong triggers occurred, and they kept high stiffness and maintained stable contact with the ground. Additionally, the bumps situated in the spaces among the pneumatic bladders did not have any effect on the foot posture. The support polygon was encircled by all the contact areas between the pneumatic bladders and the ground, which was larger than that of the flat feet. The foot slippage was avoided and stable support was provided to the biped robot.
ZMP is the most important and commonly used criterion for evaluating dynamic walking stability of biped robots. During the experiments, the actual ZMP trajectories were calculated from the measurements of FSRs equipped under the feet. The coordinate system for ZMP computation is shown in Figure 13c , of which the origin is centered at the projection of the midpoint between the two hip joints on the ground. The standard coordinate system is such that the positive x-axis points forward along the walking direction, the y-axis is to the left when looking in the x-axis direction, and the z-axis is defined upwards by the right hand rule. Figures 16 and 17 present the ZMP trajectories of the biped robot under the two experimental conditions, as well as the desired support polygons in the single support phase. In the case of rigid flat feet, since the contact between the support foot and the ground was affected by the bumps, the ZMP was shifted outside the support polygon, as marked by the arrows in the figure. However, in the case of the new feet, the changes of ZMP caused by the bumps were smaller, and the ZMP trajectory in the single support phase was located inside the support polygon. ZMP is the most important and commonly used criterion for evaluating dynamic walking stability of biped robots. During the experiments, the actual ZMP trajectories were calculated from the measurements of FSRs equipped under the feet. The coordinate system for ZMP computation is shown in Figure 13c , of which the origin is centered at the projection of the midpoint between the two hip joints on the ground. The standard coordinate system is such that the positive x-axis points forward along the walking direction, the y-axis is to the left when looking in the x-axis direction, and the z-axis is defined upwards by the right hand rule. Figures 16 and 17 present the ZMP trajectories of the biped robot under the two experimental conditions, as well as the desired support polygons in the single support phase. In the case of rigid flat feet, since the contact between the support foot and the ground was affected by the bumps, the ZMP was shifted outside the support polygon, as marked by the arrows in the figure. However, in the case of the new feet, the changes of ZMP caused by the bumps were smaller, and the ZMP trajectory in the single support phase was located inside the support polygon. ZMP is the most important and commonly used criterion for evaluating dynamic walking stability of biped robots. During the experiments, the actual ZMP trajectories were calculated from the measurements of FSRs equipped under the feet. The coordinate system for ZMP computation is shown in Figure 13c , of which the origin is centered at the projection of the midpoint between the two hip joints on the ground. The standard coordinate system is such that the positive x-axis points forward along the walking direction, the y-axis is to the left when looking in the x-axis direction, and the z-axis is defined upwards by the right hand rule. Figures 16 and 17 present the ZMP trajectories of the biped robot under the two experimental conditions, as well as the desired support polygons in the single support phase. In the case of rigid flat feet, since the contact between the support foot and the ground was affected by the bumps, the ZMP was shifted outside the support polygon, as marked by the arrows in the figure. However, in the case of the new feet, the changes of ZMP caused by the bumps were smaller, and the ZMP trajectory in the single support phase was located inside the support polygon. The above comparisons show that the new foot system is able to help to improve the walking performance of the biped robot when walking on the ground with small bumps. The validity of the working mechanism and mechanical structures of the foot system is further confirmed.
Discussion and Conclusions
In this paper, a novel variable stiffness mechanism that is able to achieve stiffness adjustment The above comparisons show that the new foot system is able to help to improve the walking performance of the biped robot when walking on the ground with small bumps. The validity of the working mechanism and mechanical structures of the foot system is further confirmed.
In this paper, a novel variable stiffness mechanism that is able to achieve stiffness adjustment passively under the interactions with the environment is proposed. On this basis, a stiffness adjustable foot system is developed for biped robot walking on the ground with small-sized bumps. The variable stiffness mechanism, the function of the foot system, and the application of the foot system on a prototype of a biped robot are demonstrated to be feasible and effective by the results of various preliminary experiments.
However, there still exist some limitations in our research that need to be further investigated. Firstly, the mathematical model of the variable stiffness mechanism is not studied in detail in this paper, considering that it is not the current focus. However, more assistance can be provided by the accurate analytical model when determining the key design parameters, such as the stiffness of the restoring spring and supporting spring. Secondly, only simple qualitative relationships between the performance of the foot system and the major structural parameters of the PVSU are studied. The mechanical structure of the PVSU is designed by trial and error with the help of the finite element analysis method. Although the variable stiffness mechanism and the desired functions of the foot system are demonstrated to be feasible, more quantitative relationships are necessary for parameter optimization. Thirdly, the adaptability of the foot system on the bumps is somewhat limited. The experiments show that the foot is able to adapt to the bumps with a maximum height of 8 mm with quite a small change in the foot posture. Owing to the small posture change, the biped robot adopted in our research is controlled by a relatively simple controller. We think the foot may be adaptable to bumps as high as 15 mm if a larger posture change can be tolerated by the control system. Therefore, in the future, we will focus on the further improvements of the foot system.
